Figure 1. Rae1 Is a Ran-Regulated Aster-Promoting Activity
(A) Schematic of the assay used to identify Rae1. Sequential affinity chromatography steps were used to deplete metaphase-arrested CSF Xenopus egg extracts: first, a RanGTP matrix was used to remove RanGTP binding proteins including importin β (⌬RanBP Extract), freeing cargoes that caused spontaneous microtubule aster formation. Second, an importin β matrix was used to deplete direct binding cargoes (Double Depleted Extract), abolishing the asters. Rescue of the aster-promoting activity (APA) in the double-depleted extract was then assayed following the addition of diluted CSF extract subjected to fractionation steps (for details of the purification scheme see also Figures S1 and S2). (B) Silver-stained gel of final SP column fractions from a purification of APA-β. Arrow indicates the position of Rae1, which was identified by mass spectrometry. Graph represents the aster-forming activity of each column fraction during the purification. The major band at w35 kDa is a contaminant that was not consistently present in the purification. (C) Western blot of double-depleted extract showing that w75% of Rae1 is removed by this treatment compared to a dilution series of the ⌬RanBP Extract (100%, 50%, 25%, and 10%). (D) Western blot of Rae1 in the final SP column fractions from a different purification indicates that Rae1 cofractionates with the peak of the aster-forming activity in the final purification step.
RanGTP and importin β in spindle assembly in Xenopus
cargoes that promote microtubule polymerization and organization. In the next step, the extract was treated egg extracts (Nachury et al., 2001) . One activity was independent of importin α and is therefore distinct from with a matrix containing a C-terminal truncation of importin β, importin β [71-601], which lacks the importin previously identified factors such as NuMA and TPX2 (see Figure S1 in the Supplemental Data available with α interaction domain ( Figure 1A ). Aster assembly was abolished in these extracts and could not be rescued this article online). We have termed this novel activity aster-promoting activity β (APA-β). In order to characby addition NuMA or TPX2, providing evidence for the existence of other essential mitotic cargoes of importin terize this importin α-independent activity, we devised an assay using meiotic cytostatic factor-arrested (CSF) β ( Figure S1 ). To identify novel cargoes, we used the extracts depleted of importin β and its importin α-indeextracts depleted of both importin β and its directly bound cargoes using sequential affinity chromatograpendent cargoes in an assay to biochemically purify an APA-β activity that restored microtubule polymerization phy steps ( Figure 1A ). In the first step, a RanGTP matrix was used to deplete importin β, leaving its cargoes beand aster formation ( Figure S2 ). A polypeptide with an apparent molecular weight of w40 kDa ( Figure 1B , arhind. Spontaneous asters formed in these metaphase extracts, presumably due to the liberation of mitotic row) consistently cofractionated with the activity over Figure 2C , left panel). These results demonthat Rae1 cofractionated with the peak of the aster promoting activity ( Figure 1D ). Therefore, we chose to instrate that Rae1 is an importin α-independent mitotic cargo of importin β and that the interaction between vestigate whether Rae1 is a novel Ran-regulated factor important for spindle assembly. these proteins is enhanced by Nup98. Figures 3A and 3B ). Rae1 was enRanQ69L-GTP (a mutant form of Ran-deficient in GTP riched at spindle poles and at the focus of Ran asters hydrolysis) abolished the interaction (Figure 2A) . We but was also present along the entire length of microtualso performed the reciprocal experiment using Rae1 bules in these structures. Furthermore, Rae1 was localantibodies to immunoprecipitate Rae1 and probed for ized in a punctate pattern on sperm chromosomes. the presence of importin β. Western blots confirmed Four distinct Rae1 antibodies gave identical staining that importin β coimmunoprecipitated with Rae1 and patterns, and addition of Oregon green-labeled recomthat this interaction was inhibited by RanQ69L-GTP binant Rae1 to extracts revealed a similar localization ( Figure 2B) .
Rae1 Binds Directly to Importin
(data not shown), indicating that these data accurately To determine whether Rae1 bound to importin β direflect the distribution of Rae1. The Rae1 chromatin rectly or whether the interaction required additional staining did not require microtubules, as the Rae1 factors, we used pure recombinant proteins in an in vipunctae remained on mitotic chromosomes following tro binding assay. Although importin β reproducibly bound to Rae1, their interaction was weak ( Figure 2C , nocodazole treatment (data not shown). The localization of Rae1 in sperm spindle-and Ran from our purification to the Rae1-depleted extracts ( Figure 4J ; n = 4 experiments). This result suggested aster-assembly reactions suggested that Rae1 was binding to microtubules. To test whether Rae1 binds that Rae1 by itself has only limited activity and requires association with other factors in the extract to promote directly to microtubules in vitro, recombinant Rae1 was incubated with increasing concentrations of purified, aster formation. This is consistent with the observation that recombinant Rae1 alone had no APA-β activity in taxol-stabilized microtubules, which were pelleted and analyzed for the presence of Rae1 ( Figure 3C ). Rae1 the double-depleted extracts (data not shown). We also found that depletion of Rae1 severely inhibited the asbound directly to microtubules with a low affinity. Microtubule binding appeared to be specific, as it was sembly of spindle structures around sperm nuclei in CSF extracts ( Figures 4E and 4G ). Similar to the effect not affected by the presence of 10 mg/ml BSA but was blocked by preincubation of recombinant Rae1 with on Ran asters, Rae1 depletion resulted in sparse, long bundled microtubules, which did not organize into a Rae1 antibodies (data not shown). Immunofluorescence analysis of pelleted microtubules demonstrated spindle. Although we did not attempt to rescue this defect with the APA-β peak fraction, due to limited quantithat Rae1 was not enriched at either end but bound along the entire length of microtubules ( Figure 3D ). Inties of this fraction, the addition of recombinant Rae1 partially restored this spindle assembly (n = 4 expericubation of recombinant Rae1 with 500-fold molar excess of importin β and Nup98 did not alter Rae1 microments; p = 0.05; Figures 4I and 4K Figure 5A ) and immunofluorescence tracts and assayed the effects on both spindle assem-( Figures 5B and 5D ). After 72 hr, Rae1 protein levels bly in the presence of sperm nuclei and on microtubule were reduced by w80% ( Figure 5A ), and a more than aster formation in the presence of RanGTP. We were 2-fold increase in the mitotic index was observed in the able to deplete 60%-70% of Rae1 from the extracts as siRNA-treated cells compared to controls (6.9 ± 2.5% compared to mock-depleted controls ( Figure 4A ). Defor Rae1siRNA versus 3 ± 0.2% for control; n = 3 experipletion of Rae1 decreased the number of Ran asters to ments). In w55% of mitotic cells, Rae1 depletion rew30% of control reactions and resulted in the appearsulted in defects in spindle assembly, chromosome ance of long bundled microtubules, which were not oralignment, or segregation. Chromosomes failed to align ganized into focused asters ( Figure 4F of pericentrin foci in Rae1 siRNA-treated mitotic cells stabilization activity ( Figures 6A and 6E ). These results show that Rae1 in its native form is able to rescue ( Figures 5H, 5I, and 5K) . The extra spindle poles seemed to be functional, as they appeared to pull chromosomes microtubule nucleation/stabilization in the doubledepleted extract and suggest that Rae1 requires addiaway from the main spindle (Figures 5F and 5G), contributing to serious chromosome-alignment defects.
tional cellular cofactors for its function. Importantly, these data also demonstrate that the APA-β activity and Thus, Rae1 is required for proper spindle assembly and chromosome segregation in human somatic cells, as the Rae1-associated activity are functionally interchangeable (see also Figures 6C and 6E ), demonstrata potential direct role for Rae1 in the regulation of spindle microtubule dynamics and/or organization. Howing that the native Rae1 complex is a target of importin β regulation. ever, we found that recombinant Rae1 did not possess microtubule nucleating, stabilizing, or bundling activity To identify Rae1-associated protein(s) that could contribute to the observed microtubule nucleation/stawhen assayed with pure tubulin (data not shown). We therefore hypothesized that Rae1 requires additional bilization activity, we analyzed the composition of the purified Rae1 complex. Immunopurifications using two factors and/or posttranslational modifications for activity. To test whether native Rae1 in association with different antibodies demonstrated that Rae1 specifically associates with more than ten polypeptides in other factors possessed microtubule nucleation or stabilization activity, we immunopurified endogenous CSF extracts ( Figure 6F ). The major Rae1-associated proteins were subjected to MALDI mass spectrometry Rae1 from an ammonium sulfate pellet of a high speed Xenopus extract (step 1, Figure S2 teins, Maskin and Fubp2, were previously shown to mock treatment had no effect ( Figures 6D and 6E ). The loss of activity coincided with the reduction in binding function in mRNA localization in a microtubule-dependent manner (Groisman et al., 2000; Kroll et al., 2002) , of at least four polypeptides to the complex ( Figure 6F ), suggesting that these polypetides interact with Rae1 in suggesting that Rae1 might provide a link between mRNA localization and spindle assembly.
an RNA-dependent manner. Although we were unable to test the effect of RNase treatment on the APA-β peak The association of Rae1 with multiple mRNA binding proteins implied that Rae1 might be part of a large RNP fractions in the APA-β assay, we found that RNase treatment significantly reduced the APA activity of the complex. We therefore examined whether the purified complex contained RNA or required RNA for its funcammonium sulfate pellet fraction in the APA-β assay ( Figure S3 ), demonstrating that a component of the tion. The immunoprecipitated Rae1 complex contained a wide size range of RNAs as assayed by agarose gel APA-β activity is RNase sensitive. Taken together, these results show that the spindle-associated protein Rae1 electrophoresis, while control IgG or Eg5 IPs contained little or no associated RNA ( Figure 6G ). To directly test is present in an RNP and that the Rae1-RNP requires RNA for its activity or complex integrity. whether RNA is necessary for the activity of the Rae1 complex, the ammonium sulfate fraction was treated with RNaseA prior to Rae1 immunoprecipitation, and then Rae1 beads were analyzed for their activity in RNAs Are Required for Spindle Assembly in Egg Extracts double-depleted extracts. Surprisingly, we found that the ability of Rae1 beads to nucleate/stabilize microtuThe results described above indicated that RNA might be required for spindle assembly in egg extracts. To bules was diminished after RNaseA treatment whereas test this, we treated CSF-arrested extracts with RNaseA to digest all RNAs present in the extract ( Figure 7F ) and examined the effects on sperm spindle and Ran aster assembly. We found that addition of RNase severely inhibited sperm spindle and Ran aster assembly, resulting in many long microtubules that were not focused into Ran asters or spindle poles (Figure 7) . This phenotype was similar to what was observed upon Rae1 depletion but much more severe. The effect of RNase treatment was dependent on the catalytic activity of RNase, as the addition of S protein (a proteolytic cleavage product of RNaseA that has a dramatically reduced catalytic activity) or the S peptide fragment alone caused no defects in Ran aster or sperm spindle assembly, while addition of S peptide plus S protein (which recreates a catalytically active RNase) to the extract phenocopied RNaseA addition ( Figure 7H ). Furthermore, the RNase phenotype was not an artifact of the presence of high concentrations of RNase in the extract, as RNase immobilized on Sepharose beads that could be removed prior to the spindle assembly reaction produced an identical phenotype as direct RNase addition to extract ( Figure 7H ). The effects of RNase on microtubule organization appeared specific, since no significant defect in interphase chromatin morphology, nuclear formation, chromatin condensation, or kinetochore assembly and no change in the profile of MAPs was observed in the RNase-treated extracts ( Figures S4-S7) . Together, these results suggest that RNAs or intact RNPs are required for correct Ran aster and spindle assembly in egg extracts.
Several previous studies have suggested that regulation of local translation of specific RNAs on the mitotic spindle might play a role in spindle morphogenesis and cell cycle control (Groisman et al., 2000) . To determine whether protein translation is required for spindle morphogenesis in Xenopus extracts and to test whether the lack of local translation could account for spindle assembly defects observed after RNase treatment, we examined the effects of the translational inhibitors cycloheximide (CHX) and puromycin on Ran aster and sperm spindle assembly. Neither had any significant effect in Ran aster or sperm spindle assembly reactions ( Figure 7H and data not shown) . This demonstrates that not altered. These results strongly suggest that the deTo visualize the association of RNAs with microtubules, we stained sperm spindles and Ran asters with fects observed upon RNase treatment are not due to a loss of CSF arrest but that intact RNAs or RNPs play a propidium iodide (PI), a nucleic acid dye that stains both DNA and RNA. We found that PI-stainable, RNasecritical translation-independent role in establishing correct spindle morphology.
sensitive material was present specifically on microtubules in both sperm spindles and Ran asters (Figure 8) .
The RNA was present in granular structures that were RNA Associates with the Mitotic Spindle The RNA requirement for spindle assembly and the enriched around microtubules but did not always perfectly colocalize with microtubules, suggesting that presence of Rae1 in an RNP complex prompted us to analyze whether RNAs specifically associate with these RNAs may be present in large RNP particles. microtubule structures polymerized by the addition of RanQ69L, taxol, or sperm nuclei to egg extracts. MicroDiscussion tubules were isolated by centrifugation through a glycerol cushion, and associated RNAs were examined by Rae1 Is a Component of a Ran-Regulated Aster-Promoting Activity agarose gel electrophoresis (Figures 7E and 7G) . Both ribosomal RNAs and RNAs of various sizes were speciRecent studies have identified several microtubuleassociated proteins whose activity is regulated by imfically enriched on polymerized microtubules but did not pellet from untreated extracts (Figures 7E and 7G) . portin β through importin α (Harel and Forbes, 2004) . Here, we have characterized Rae1 as a novel cargo of The nucleic acids present on microtubules were RNAs, as they were degraded by a pretreatment of the extract importin β that functions downstream of RanGTP. We have biochemically purified Rae1 as a component of with RNaseA ( Figure 7G ). factor. Interestingly, Rae1 was also shown to have an activity and, ultimately, to reconstitute a functionally mRNA export-independent function in regulating miactive Rae1 RNP particle. totic progression in S. pombe (Whalen et al., 1997). As predicted based on its purification assay, the While we did not address its potential role in mRNA microtubule polymerization stimulating activity of puriexport during interphase or its role as a mitotic checkfied Rae1 complex is inhibited by importin β, and we point regulator, our data demonstrate that Rae1 is a show that recombinant Rae1 binds directly to importin component of an RNP required for spindle assembly in β in vitro. However, this interaction is weak and is mitosis. It will be interesting to determine if the spindlegreatly stimulated by the addition of the nucleoporin assembly defects we observe after Rae1 depletion are Nup98, which we and others have shown to be a lights an active role for RNP particles in cell division. It The use of Xenopus CSF extracts allowed us to exhas generally been assumed that RNPs are passive amine the translation-independent spindle functions of cargo along cytoskeletal polymers, but our work sugRNAs and proteins. These extracts contain a large magests that RNPs in turn can also influence cytoskeletal ternal storage pool and do not require transcription or dynamics. How could RNA function in spindle assemtranslation for correct spindle assembly. While translably and contribute to mitotic fidelity? First, as seen for tion is not essential for spindle assembly in extracts, it the Rae1-containing RNP, RNA may serve as an integral appears to be required for full histone H1 kinase activcomplex component, which may be necessary for comity. This suggests that cyclin B mRNA is actively being plex stability or integrity. Second, it is possible that translated in Xenopus extracts and that perhaps other RNA plays a more active role. For example, the binding critical mitotic regulators are also translated continuof RNA to microtubule-associated proteins may directly ously. It will be interesting to determine if there are influence their activity or their rate of turnover. In the other messages that are actively translated during micase of microtubule-based motor proteins, large RNP tosis, whether their translation is localized to the miparticles may significantly influence their velocity of totic apparatus, and if this translation contributes to movement or other aspects of their activities. Although mitotic fidelity in other cell types that do not contain the RNPs may not be in a filamentous network, they large maternal stores of RNA and protein.
could crosslink or provide a scaffold for factors inAlthough RNA has essential functions in many celluvolved in spindle function. Future experiments are neclar processes, our results revealing a translation-indeessary to elucidate the active and passive roles of RNA pendent role of RNA in mitotic spindle assembly were in mitotic spindle assembly and function. surprising, since the mitotic spindle apparatus was pre-
Experimental Procedures
viously considered to be a purely protein-based molecular machine. We demonstrate that a large number of 
